Germinating cotton (Gossypium hirsutum L. cv. Deltapine 16) cotyledons developed two peaks of in vitro nitrate reductase activity; the f'rst was stable in vitro and appeared 24 hours after imbibition; and the second, which was extremely labile in vitro, began to develop after the seedlings had emerged and developed chlorophyll. Nitrite reductase activity peaked only after the seedlings had emerged. Dowex 1-Cl (10%, w/v) and bovine serum albumin (3%, w/v) significantly improved the activity of extracted enzyme; greater improvement occurred as expansion of the cotyledons progressed. The major effect of bovine serum albumin on nitrate reductase activity in cotyledon extracts appeared to be that of making the extracted enzyme more active rather than increasing the amount of nitrate reductase extracted or improving the stability of the extracted enzyme.
Nitrate reductase is an enzyme subject to inhibition by substances present in plant extracts (5, 15) . Because of the high phenolic content in cotton tissues, an in vivo assay has been used to estimate NR2 activity in this species (1) . Recently, Schraderet al. (12) reported on the use of BSA or casein to enhance extraction and improve the stability of NR in a number of species. Because the added protein partially stabilized NR in extracts, they suggested that it may protect the enzyme from an inactivating or proteolytic enzyme. Casein added during extraction of NR from corn (Zea mays L.) roots gave similar results (17) . Loomis and Battaile (7) suggested that phenols are removed from hydrogen-bonded complexes with proteins when large amounts of peptide bond analogs are added to plant extracts. The enhancement of NR activity by BSA or casein may, thus, be at least partially due to their ability to form hydrogenbond complexes with phenolic compounds, thus removing them as inhibitors of NR. By improving the activity of the NR extracted, it would appear that more enzyme was being extracted. The stabilizing effect of BSA may be its ability to protect the NR molecule from dissociation into subunits or, alternatively, to act as an alternate substrate for a specific 'NR-inactivating" enzyme. The investigations described here were conducted to determine: (a) the extent to which Dowex 1-Cl and BSA improved the extraction of NR from cotyledons of germinating cotton seedlings; and (b) the manner in which BSA enhanced and stabilized NR activity as reported by Schrader et al. ( 12) . For the latter, three possibilities were considered: (a) the extraction of more NR enzyme in the presence of BSA; (b) the extracted enzyme is more active in the presence of BSA; and (c) the extracted enzyme is more stable in the presence of BSA.
MATERIALS AND METHODS Plant Culture. Cotton seeds (Gossypium hirsutum, L. cv. Deltapine 16) were planted in Styrofoam cups (67 mm in diameter x 80 mm deep) containing a mixture of two-thirds peat and one-third fine gravel. Seedlings were grown in growth chambers in the North Carolina State University Phytotron with a light intensity of 430 hectolux and light-dark periods and temperatures of 12 hr/12 hr and 26 C/22 C, respectively. Seedlings were watered daily with a modified Hoagland nutrient solution containing 15 mm nitrate nitrogen. Plants were similarly grown in growth chambers at Texas A&M University except vermiculite was used as the potting medium.
Enzyme Extraction. Seedlings were harvested at 24-hr intervals starting at the time of planting, and cell-free extracts were prepared for enzyme assays. Cotyledon pairs were homogenized in an ice-cold mortar and pestle in cold (3 C) extraction buffer (5:1, v/w) containing 25 mm K2HPO4, 10 mm cysteine, and 5 mM EDTA at a final pH of 8.5. Unless otherwise stated, the homogenates were centrifuged for 15 min at 27,000g and the supernatants served as crude extracts for enzyme assays. All extraction procedures were carried out at 0 to 3 C. Dowex 1-Cl, used in some experiments, was conditioned according to the procedure of Sigma Chemical Co. The resin was suspended in deionized H20 and the supernatant decanted to remove the fines. The settled resin was resuspended in deionized H20 and poured into a column. Two N HCI was passed through the column until the absorbance of the effluent dropped below 0.2 at 260 nm. The acid in the column was displaced by passing deionized H20 through the column thus completing the conditioning of the resin. The conditioned resin was blotted dry, weighed, and added to the extraction buffer prior to chilling the buffer for use.
BSA was either added directly to the extraction buffer and the buffer pH readjusted to 8.5 or, in some experiments, a buffer containing twice the desired final concentration of BSA was prepared and used to dilute the initial extracts 1:1. In all cases, the final pH of the extracts remained constant.
Enzyme Assay. Nitrate reductase was assayed according to the procedure of Schrader et al. (13) as modified by Scholl et al. ( 1 1 (Fig. 1) . The pattern for in vitro NR activity is similar to the pattern for in vivo NR activity observed by Radin (10) (9) consider the enzymes involved in the reduction of nitrate to ammonia to be luxury enzymes during the early growth in maize seedlings since there is a rich source of amino acids supplied by the hydrolysis of storage proteins in the endosperm.
In contrast to NR activity, NiR activity was barely detectable in the dry seed, but it continued to develop in the cotyledons of the germinating seedling even during the period when NR activity was declining (Fig. 1 ). Nitrite reductase activity was always adequate to reduce the nitrite formed so that accumulation of nitrite was not detectable at any time in the tissue extracts.
Effects of Dowex 1-Cl on NR Activity. The anion exchange resin, Dowex 1-Cl, has been effectively used to remove phenolic inhibitors of enzymes in plant tissue extracts (6. 14). Dowex 1-Cl (10% w/v) in the extraction buffer only slightly improved the activity of NR from the cotyledons of seedlings which had been germinated for 4 days or less, but it greatly improved the activity of NR from cotyledons of seedlings older than 4 days (Fig. 2) . At 7 days, the activity of NR in the untreated extracts was about one-half that of the Dowex-treated extracts (2.45 units compared to 4.40 units). In addition, the enzyme in extracts of the older seedlings was very labile compared to the enzyme in extracts of cotyledons 4 days old or younger. Approximately one-half of the activity in the untreated extracts from 7-day-old cotyledons (lower curve. Fig. 2 ) was lost during a 2-hr incubation at 3 C, whereas only one-third of the activity was lost in the treated extracts. However, in terms of enzyme units, approximately the same amount of catalytic activity was lost from both extracts (1 .21 units from the untreated versus 1.42 units from the Dowex-treated). Thus, the factor responsible for the rapid inactivation of NR apparently was not removed by the treatment with 10% Dowex 1-Cl. The Dowex 1-Cl could function by removing small negatively charged molecules which can inhibit, but not necessarily degrade, NR thereby accounting for the enhanced activity in extracts of cotton cotyledons.
Effect of BSA on NR Activity. Since Schrader et al. (12) reported that BSA enhanced the extraction of NR and partially stabilized NR activity in extracts from several species. its effects on the extraction and stabilization of NR activity from cotton cotyledons were investigated (Fig. 3) . A pattern similar to that Although NR is rapidly inactivated in extracts maintained at 30 C, when saturating concentrations of both substrates (NADH and nitrate) are present, it remains catalytically active for at least 15 min, thus producing a linear assay (data not shown). Apparently, the substrates protect the enzyme from inactivation.
Effect of BSA on Enzyme Half-Life. The in vitro decay rates of NR activity from 8-day-old cotton cotyledons extracted with and without BSA (3% w/v) are shown (Fig. 4) . These extracts were not centrifuged in order to begin assaying immediately after extraction. The half-lives of NR in the two extracts maintained at 3 C were 11.9 hr in the extract containing BSA, and 3.8 hr in the extract without BSA. However, the rate of inactivation in terms of actual amount of catalytic activity lost each hr was nearly the same for the two extracts. During the 5-hr assay period, 2.2 units of activity were lost from the extracts containing BSA and 2.4 units from the extracts without BSA.
Initial activity of NR in the extract containing BSA was almost twice that of NR activity in the extracts without BSA. This resulted in exaggerated differences in the slopes of semilog plots of the data. Although the slopes were different in linear plots, the differences were not as pronounced. Ideally, the initial activity in the two extracts should be the same for comparison of half-lives.
Activity in both extracts decayed exponentially. The increased half-life of NR in extracts containing BSA does not necessarily suggest that decay is enzyme-mediated and BSA is serving as an alternate substrate for a specific NR-inactivating or -degrading enzyme. The dissociation of subunits, which may be a physical process, could also occur in an exponential manner.
Effect of Delayed Addition of BSA to Extracts. Data shown in Figures 3 and 4 suggest that BSA partially protects NR from inactivation or degradation in plant extracts. To test further the effects of BSA on stabilization of NR in cotton cotyledon extracts, BSA in buffer (to give a final concentration of 2% in the extracts) was added after the extracts were incubated at 3 C for various incubation periods. Additions of BSA to the extracts after 1, 2, or 3 hr were as effective in improving NR activity as addition at time zero (Table I) . Thus, enzyme activity was lost as rapidly in the presence as in the absence of BSA. When the enzyme was in a more concentrated solution (cf. mixed with buffer at 1, 2, and 3 hr versus mixed with buffer at time zero, Table I ), it was more stable than when diluted with buffer. It is frequently observed that enzymes are more stable in concentrated protein solutions even in the absence of proteases. Thus, the slightly slower rates of inactivation of NR in extracts containing BSA observed in other experiments (cf. Figs. 3 and 4) could result from protein-protein interaction rather than BSA acting as an alternate substrate for a specific NR-inactivating or -degrading enzyme.
The half-lives of NR in the extracts in this experiment (Table  I) are considerably less than the half-lives of NR in extracts of the previous experiment (Fig. 4) . One reason for this discrepancy is that as cotton cotyledons age beyond 6 days, NR in their extracts becomes increasingly unstable (Fig. 2) , and although the plants for both of these experiments were chronologically 8 days old, a few hr difference in their physiological ages would be enough to account for the differences observed in the half-lives of NR.
As noted in the previous experiment, the rates of inactivation of NR in terms of actual amounts of catalytic activity lost from the extracts containing BSA were the same as from the extracts without added protein. During the 3-hr period, 5 .81 units of activity were lost from the extracts without BSA and 5.69 units were lost from the extracts with BSA (Table I) .
Comparison of BSA in Assay Buffer with BSA in Extract. Because the addition of BSA to the extracts just prior to assaying greatly improved activity, the addition of BSA to the assay buffer was tested to determine if it improved activity of the enzyme. The final concentration of BSA in the assay mixture was 0.2% regardless of whether it was added to the extract prior to assaying or directly to the assay mixture. Activity with BSA in the assay buffer was 7.79 + 0.11 ,umol of nitrite produced/g fresh wt-' hr-' compared to an activity of 8.16 + 0.18 ,imol of nitrite produced/g fresh wr' hr-in the extracts containing BSA. The control activity, i.e. no BSA in either the extract or the assay buffer, was 6.06 + 0.32 ,umol of nitrite produced/g fresh wt-' hr-'. Thus. BSA in the assay mixture was almost as effective in improving activity of NR as BSA in the extracts.
Protease Activity. Experiments with Dowex 1-Cl and BSA indirectly suggested that proteases were not directly involved in the rapid loss of NR in cotton cotyledon extracts. Nevertheless, the appearance of an increasingly labile NR in rapidly expanding cotton cotyledons seemed to offer a way to study the cause of instability of the enzyme in vitro. Hence, an attempt was made to relate the development of protease activity in expanding cotyledons to increasing lability of the enzyme. In all experiments, regardless of substrate used, the greatest protease activity was observed in the extracts from 1-day-old cotyledons and rapidly declined as the seedlings emerged and the cotyledons expanded (data not shown). The greatest protease activity was also observed at pH 3, far below the pH of cotton extracts containing catalytically active NR. From these experiments, it was concluded that protease activity was unrelated to the in vitro instability of NR extracted from cotton cotyledons.
Mixing Stable and Unstable Extracts. If a specific NR-inactivator or -degrader is synthesized as cotyledons expand. its presence might be determined by following losses of activity in mixtures from stable (4-day) and unstable (8-day) cotton cotyledon extracts. The 4-and 8-day-old cotyledons were selected for the experiment because their extracts were more similar than other age tissue except for the NR-inactivator. The NR in extracts from 4-day-old cotyledons was much more stable than NR in extracts from 8-day-old cotyledons (Table II) , similar to previous results (Fig. 2 , cf. 4 and 7 days in the absence of Dowex 1-Cl). The NR in the mixed extracts (1: 1) was also stable (Table   II) in contrast to the extracts containing BSA, which were not stable ( Table I ). The stabilizing effect of the extract from 4-dayold cotyledons was proportional to the amount of it present in the mixture, up to a 1:1 ratio (Table II) . Increasing the amount of extract from 4-day-old cotyledons above a 1:1 ratio did not result in added stability.
A comparison of the extracts from 4-day-old cotyledons with BSA on stabilizing NR in extracts from 8-day-old cotyledons is shown (Table III) . BSA was added to extracts of 8-day-old cotyledons until the protein concentration was slightly more than that found in extracts of 4-day-old cotyledons. As observed earlier ( Fig. 3 and Table I ), BSA did not stabilize NR activity. However, unboiled extracts of 4-day-old cotyledons mixed 1:1 with extracts of 8-day-old cotyledons did stabilize NR. Boiling the extracts of 4-day-old cotyledons for 10 min eliminated all of their NR activity and improved their effectiveness in stabilizing NR from 8-day-old cotyledons. Thus, the protector of NR from 4-day-old cotyledons is apparently heat-stable. The protein concentration of the mixed extracts (boiled and unboiled) was intermediate to that of the extracts of 4-and 8-day-old cotyledons and considerably less than the protein concentration of 8-day-old cotyledons with 0.5% BSA added to the extract. Hence, protection is not due to protein concentration per se. It is questionable possible effects of BSA on NR extracted from cotton cotyledons put forward in the opening section of this paper, the enhancement of activity of the extracted enzyme seems most plausible for the following reasons: (a) BSA added after the extracts were centrifuged improved activity as much as BSA present in the extraction buffer; (b) BSA in the assay buffer was as effective in enhancing NR activity as BSA added to the extracts; and (c) the delayed addition of BSA to extracts was as effective in improving activity as addition immediately after extraction. Cotton, like many other plant species, contains numerous phenolic compounds which are capable of inhibiting the activity of NR, and removal of these by forming hydrogen-bond complexes with Dowex or BSA would significantly enhance the activity of NR in plant extracts.
The cause of the increasingly labile NR activity in rapidly expanding cotton cotyledons still remains inexplicable. The possibility of a protease or specific NR-inactivator or -degrader (16, 17) in cotton cotyledon extracts cannot be entirely ruled out by the results of the experiments with BSA. However, the observation that delayed addition of BSA to extracts was as effective in improving NR activity as when it was added immediately after extraction suggests that NR is inactivated or degraded at the same rate in the presence or absence of BSA. It is possible that a protease is present which degrades both inhibited (probably phenolic) and uninhibited enzyme equally well and BSA does not serve well as an alternate substrate for it. From the results of this study, we conclude that the major effect of BSA in extracts of expanding cotton cotyledons is its enhancement of the activity of extracted NR and that it only slightly increases the extractability and stability of NR.
